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SUMMARY. The application of a tetrazolium salt, WST-8, 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, monosodium salt to the lymphocyte
proliferation assay in the chicken system was evaluated. Proliferation of concanavalin (Con
A)-induced splenic lymphocytes and peripheral blood lymphocytes (PBL) was evaluated with
WST-8 and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Coefhi-
cients of correlation (7) between these two reagents were 0.98 and 0.97 in splenic lymphocytes
and PBL, respectively. In general, the sensitivity of the WST-8 assay was significantly higher
than that of the MTT assay, and the standard deviations of the WST-8 assay were significantly
lower than those of the MTT assay. The WST-8 assay was fast and highly reproducible and
provided a good indication of mitogen-induced proliferation of spleen cells induced by Con
A. With the use of the WST-8 assay, splenic mitogenic response of chickens infected with
Eimeria decreased transiently at 7 days but increased significantly at 10 days after primary
infection compared with that of uninfected chickens. Additionally, the measurement of in-
terleukin (IL)-2 production with WST-8 was highly reproducible and showed a significant
increase in IL-2 production upon stimulation of Eimeria tenella-immune spleen cells with
Con A. After E. tenella infection, splenic IL-2 production increased significantly at 7 days
post-primary and at 2 days post-secondary infection. The WST-8 assay is fast, simple, and
more reproducible and sensitive than the MTT assay. This study demonstrates the effective-
ness of the WST-8 assay to assess cell-mediated immune response of chickens in normal and
disease states.

RESUMEN. Respuesta proliferativa de linfocitos durante la infeccién con Eimeria tenella,
determinada por un nuevo método colorimétrico no radiactivo y confiable.

Se evalud la aplicacién de sales de tetrazolio (WST-8) en el ensayo de proliferacién lin-
focitaria para pollos. Se evalué la proliferacién de linfocitos esplénicos y linfocitos de sangre
periférica inducida con concanavalina A usando WST-8 y dimetiltiazol bromuro de difenil-
tetrazolio (MTT). Los coeficientes de correlacién (r) entre los dos agentes fueron de 0.98 y
0.97 para linfocitos esplénicos y linfocitos de sangre periférica, respectivamente. En general,
la sensibilidad del ensayo con WST-8 fue significativamente mayor que la del ensayo con
MTT Yy las desviaciones estdndar del ensayo con WST-8 fueron significativamente menores
que aquellas con el ensayo con MTT. El ensayo con WST-8 fue ripido y altamente repro-
ducible y aporté buena indicacién de proliferacién de células esplénicas inducidas por con-
canavalina A. Con el uso del ensayo de WST-8, la respuesta mitogénica de células esplénicas
infectadas con Eimeria disminuy6 transitoriamente a los 7 dias pero aumenté significativa-
mente a los 10 dias después de la infeccién primaria en comparacién con los pollos no
infectados. Adicionalmente, las mediciones de produccién de interleucina (IL)-2 con WST-
8 fueron altamente reproducibles y se observé un aumento significativo en la produccién de
IL-2 después de la estimulacién con concanavalina A de células esplénicas inmunes a E.
tenella. Después de la infeccién con E. tenella, la produccién en bazo de IL-2 aumentd
significativamente a los 7 dias después de la infeccién primaria y dos dias después de la
infeccién secundaria. El ensayo con WST-8 es rdpido, simple y con mayor reproducibilidad
y sensibilidad que el ensayo con MTT. Este estudio demostré la efectividad del ensayo con
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WST-8 para determinar la respuesta inmune celular de pollos bajo condiciones normales y

de enfermedad.
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Abbreviations: CMI = cell-mediated immunity; Con A = concanavalin A; ELISA =
enzyme-linked immunosorbent assay; HBSS = Hanks balanced salt solution; IL = interleu-
kin; IMDM = Iscove modified Dulbecco medium; MTT = 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; OD = optical density; PBL = peripheral blood lympho-
cytes; PMS = 1-methoxy-5-methylphenazinium methylsulfate; PPI = post-primary infection;
PSI = post-secondary infection; SI = stimulation index; WST-8 = 2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt

Because of increasing evidence suggesting a
role of cell-mediated immunity (CMI) in dis-
ease resistance against many poultry diseases
(11,21), the lymphocyte proliferation assay is
widely used to evaluate CMI in normal and
disease states in chickens (12,13,15). A number
of in vitro assays have been described for the
evaluation of lymphocyte proliferation. Al-
though the conventional [PH]-thymidine incor-
poration assay is still considered the standard
for the assessment of cell growth because of its
sensitivity, reliability, and dynamic range (wide
range counts per minute), the use of this assay
has been restricted in recent years because it
possesses a biological hazard to personnel and
the environment, requires a separate facility and
special equipment, and is labor intensive, time
consuming, and expensive (2,3,19). Therefore,
in order to circumvent the disadvantages of us-
ing [*H]-thymidine in proliferation assays, sev-
eral nonradioactive alternatives have been de-
scribed in mammalian systems.

A nonradioisotopic, colorimetric assay with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MT'T) has been accepted as a
desirable assay for both mammals and poultry
because it is fast, cost efficient, and safe
(1,3,14,20). A comparative evaluation between
the MTT assay and [*H]-thymidine incorpo-
ration assay for lymphocyte proliferation in
chickens (1,3) demonstrated a close correlation
between these two assays, indicating that the
MTT assay is suitable to use for evaluation of
lymphocyte proliferation in chickens. However,
the MTT assay has many drawbacks. Metabo-
lism of the yellow tetrazolium salt MTT by mi-
tochondrial dehydrogenases of dividing cells
forms insoluble blue formazan crystals, which
need to be dissolved before spectrophotometric
measurement. This step increases sample pro-

cessing time and can be a potential source of
error.

Recently, a new tetrazolium salt, 2-(2-me-
thoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium
salt (WST-8), has been applied to the assess-
ment of cell viability and lymphocyte prolifer-
ation in mammalian systems (8,18). The WST-
8 produces a highly water-soluble formazan dye
upon biochemical reduction in the presence of
an electron carrier, 1-methoxy-5-methylphena-
zinium methylsulfate (PMS). The WST-8 assay
also requires no radioisotope nor any organic
solvent to dissolve the generated formazan dye,
unlike the MT'T, because of its high water sol-
ubility. The amount of formazan dye generated
by dehydrogenases in cells is directly propor-
tional to the number of viable cells in a culture
medium.

The purpose of the present study was to eval-
uate the application of the WST-8 to the chick-
en lymphocyte proliferation assay and to mea-
sure mitogen-induced proliferation to monitor
the kinetic changes of CMI after Eimeria tenella
infection.

MATERIALS AND METHODS

Chickens, parasite, and experimental infec-
tions. Specific-pathogen-free white leghorn chickens
from Hyline International Production Center (Dallas
Center, IA) were obtained as fertile eggs, hatched at
the Animal and Natural Resources Institute facilities,
Agricultural Research Service, USDA. Chickens were
kept in wire cages and provided feed and water ad
libitum with a constant light source. The strain of E.
tenella used was developed by single oocyst isolation
from wild-type E. tenella originally from Wisconsin
and maintained at the Parasite Biology, Epidemiolo-
gy, and Systematics Laboratory. For proliferation as-
says, splenic lymphocytes and peripheral blood lym-
phocytes (PBL) obtained from 6-wk-old chickens
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were used. To evaluate CMI of chickens after E. ze-
nella infection, 60 chickens were separated into two
groups as infected and uninfected groups. The chick-
ens were inoculated esophageally with 1 X 10* spor-
ulated oocysts at 3 wk of age and subsequently given
a secondary infection with 1 X 10° oocysts on day
21 after primary infection.

Preparation of splenic lymphocytes and PBL.
Whole blood was used as the source of PBL. Blood
was collected by cardiac puncture with a syringe con-
taining heparin (20 units/ml blood) (Elkins-Sinn,
Inc., Cherry Hill, NJ). Each blood sample was di-
luted with the same amount of Hanks balanced salt
solution (HBSS). Spleens were macerated with a sy-
ringe plunger through a screen sieve to obtain a sin-
gle-cell suspension in HBSS. Cell suspensions were
overlaid onto Histopaque® 1077 density gradient
medium and centrifuged at 1800 rpm for 20 min at
room temperature. Lymphocytes at the interface were
collected and washed three times in HBSS, and viable
cells were counted by the trypan blue dye exclusion
assay.

Lymphocyte proliferation assay. Serial dilu-
tions of splenic lymphocytes and PBL were prepared
in Iscove modified Dulbecco medium (IMDM) (Life
Technologies Inc., Grand Island, NY) containing
10% fetal calf serum (HyClone Laboratories, Logan,
UT), 2 mM L-glutamine, 100 U penicillin/ml, 100
wg streptomycin/ml, 2 X 1076 M 2-mercaptoethanol,
5 ng 5-fluorocytosine/ml, and 1 mM sodium pyru-
vate (IMDM-10), and 100 pl of cells was put into
each well of a 96-well flat-bottomed tissue culture
plate (Corning Incorporated, Corning, NY). The fi-
nal concentrations of cells used were 5 X 10¢, 2.5 X
106, 1.25 X 10¢ 6.25 X 10° 3.13 X 105 1.56 X
105, and 7.81 X 104 cells/well. One hundred micro-
liters of concanavalin A (Con A) (Sigma Chemical
Co., St. Louis, MO) at a final concentration of 50,
25, 12.5, or 6.25 pg/ml was added to each well.
Medium without Con A was used as a negative con-
trol. Each assay was performed in triplicate. Plates
were incubated at 41 C for 24 or 48 hr in a 5%
CO,, 95% humidity incubator.

The MTT assay was performed as described pre-
viously (3,7). The MTT solution was prepared by
dissolving 10 mg MTT/ml calcium- and magnesium-
free phosphate-buffered saline and sterilized by filter-
ing through a 45-pm syringe filter. For the MTT
assay, 20 pl of MTT solution was added to each well,
and the plates were incubated at 41 C for 3 hrin a
5% CO, incubator. The plates were centrifuged at
1000 X g for 10 min at room temperature, the su-
pernatant was carefully removed, and 150 pl of a
10% saponin (Fisher Scientific, Fair Lawn, NJ) so-
lution was added to lyse the cells as described (6).
The plates were shaken for 20 min, the cells were
thoroughly resuspended by multiple pipetting and
centrifuged at 1000 X ¢ for 10 min, and the super-

natant was removed. To dissolve the formazan crys-
tals, 175 pl of 0.02 M HCl in isopropanol was add-
ed, the plates were shaken, and the pellets were thor-
oughly resuspended with a pipetter. The optical den-
sity (OD) of each well was measured at 550 nm with
an enzyme-linked immunosorbent assay (ELISA) mi-
crotiter plate reader, model 3550 (Bio-Rad Labora-
tories, Hercules, CA). The WST assay was performed
according to the manufacturer’s instructions. The
WST-8 working solution (Cell counting kit-8®; Do-
jindo Molecular Technologies, Inc., Gaithersburg,
MD) contained WST-8 and 1-methoxy PMS (0.5
mM and 20 pM, respectively, as the final concentra-
tions). After incubation, 10 pl of WST-8 working
solution was added to each well, and the plates were
incubated for 4 hr. The OD of each well was mea-
sured at 450 nm with the ELISA microtiter plate
reader. Stimulation index (SI) was calculated by the
following formula: SI = mean OD of Con A-stim-
ulated cells/mean OD of unstimulated cells.

Quantification of chicken interleukin (IL)-2
levels in Con A-stimulated splenic lymphocyte
culture supernatant. IL-2 levels in the culture su-
pernatant of Con A-stimulated splenic lymphocytes
after E. tenella infection were quantified by the bio-
assay (13). Spleen cells were adjusted to 5 X 10° cells/
ml and incubated in IMDM-10 containing Con A
(12.5 pg/ml) at 41 C in 5% CO,, and the culture
supernatants were harvested at 48 hr after incubation.

To prepare the blast cells for IL-2 bioassay, splenic
lymphocytes were resuspended at 5 X 10¢ cells/ml in
IMDM-10 with Con A (12.5 pg/ml) and incubated
at 41 C in 5% CO, for 48 hr. After incubation, dead
cells were removed by centrifugation through Histo-
paque-1077® density gradient medium, and viable
cells were treated with 0.05 M a-methyl-mannoside.
Blast cells (5 X 10°¢ cells/ml) were resuspended in
RPMI supplemented with 0.5% bovine serum albu-
min, 2 mM L-glutamine, 100 U penicillin/ml, 100
ng streptomycin/ml, 2 X 10 M 2-mercaptoethanol,
5 ng 5-fluorocytosine/ml, and 1 mM sodium pyru-
vate; 100 pl of blast cells was dispensed into a 96-
well flac-bottomed tissue culture plate, and the sam-
ples to be tested for IL-2 activity were added to each
well at 100 pl/well. The mixture was incubated at
41 C for 48 hr. After incubation, proliferation was
measured by the WST-8 assay as described above.

Statistical analysis. The statistical analysis to test
the relation between MTT and WST-8 assays was
performed as regression analysis. Significant differ-
ences between the infected group and uninfected
group in lymphocyte proliferation assay and IL-2 bio-
assay were analyzed by #test (GraphPad Instat, Ver-
sion 3.0).

RESULTS

Assessment of splenic lymphocyte pro-
liferation. A level of Con A (12.5 pg/ml) was
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Fig. 1. Comparison of the MTT and WST-8 assays for measuring splenic lymphocyte proliferation. Various
numbers of splenic lymphocytes were incubated in the presence or absence of Con A (12.5 pg/ml) for 24
or 48 hr. The proliferation was assessed by the MTT or the WST-8 assay. AOD = (mean OD of Con A—

stimulated cells) - (mean OD of unstimulated cells). Each data point represents OD of spleen samples pooled

from three chickens. Representative results from three independent studies are shown.

determined to be optimum for comparison of
splenic lymphocyte proliferation by MTT and
WST-8 assays (unpubl. obs.). The results of the
proliferation of splenic lymphocytes with Con
A are shown in Fig. 1. The pattern of prolif-
eration response as assessed by the WST-8 assay
closely resembled that derived from the MTT
assay. A highly significant (2 < 0.001) and lin-
ear relationship between MTT and WST-8 as-
says was observed (data not shown), and the
coefficient of correlation (7) between these two
assays was 0.98. The results showed that OD
values in the Con A—stimulated cells were 1.2—
2.9 times higher than those in the unstimulated
cells and were highly proportional to the cell
number by both the MTT and the WST-8 as-
says (Fig. 1). OD values of the WST-8 assay
were higher than those of the MTT assay. The
optimal conditions of splenic lymphocytes in
the WST-8 assay were obtained when 2.5 X 10¢
cells/well were stimulated with Con A (12.5
pg/ml) for 48 hr.

Assessment of PBL proliferation. A level
of Con A (12.5 pg/ml) was also determined to
be optimum for the proliferation of PBL. The
results of the proliferation of PBL with Con A
(12.5 pg/ml) are shown in Fig. 2. The relation-
ship between the MTT and the WST-8 assays
was highly significant (7 < 0.001) and showed

a significant correlation (data not shown). The
coefficient of correlation (7) between the MTT
and the WST-8 assays was 0.97. OD values of
PBL were significantly lower than those of
splenic lymphocytes, although OD values were
proportional to the cell numbers in both the
MTT and the WST-8 assays. OD values of the
Con A-stimulated PBL were 1.1-1.9 times
higher than those of the unstimulated cells (Fig.
2). OD values of PBL in the WST-8 assay were
significantly higher than those in the MTT as-
say. The optimal mitogenic response of PBL in
the WST-8 assay was obtained when 1.25 X
106 cells/well was activated with Con A (12.5
pg/ml) for 48 hr.

Assessment of mitogenic response of
splenic lymphocytes after E. tenella infec-
tion. Because optimal conditions for splenic
lymphoproliferation were observed when 2.5 X
106 cells/well was cultured with Con A (12.5
pg/ml) for 48 hr, these conditions were used in
the following studies. Fig. 3 shows the kinetic
changes of Con A-stimulated splenic lympho-
cyte proliferation after inoculation with E. te-
nella as measured by the WST-8 assay. The Sls
on day 7 post-primary infection (PPI) in the
infected group were significantly (P < 0.05)
lower but those on days 10 and 14 PPI in the
infected group was significantly (P < 0.05)
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Fig. 2. Comparison of MTT and WST-8 assays for measuring proliferation of PBL. Various numbers of
PBL were incubated in the presence or absence of Con A (12.5 pg/ml) for 24 or 48 hr. The proliferation
was assessed by MTT or WST-8 assay. AOD = (mean OD of Con A-stimulated cells) — (mean OD of
unstimulated cells). Each data point represents OD of PBL samples pooled from three chickens. Representative

results from three independent studies are shown.

higher than those in the uninfected group (Fig.
3). The SIs of the infected chickens remained
higher than those of the uninfected chickens
after secondary infection. Proliferation in re-
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Fig. 3. The kinetic changes in Con A-induced
splenic lymphocyte proliferation after E. tenella in-
fection by the WST-8 assay. Medium or Con A was
used to stimulate lymphocytes and stimulation indi-
ces (SIs) were calculated as described in Materials and
Methods. The chickens in the infected group were
inoculated esophageally with 1 X 10% sporulated oo-
cysts of E. tenella at 3 wk of age and subsequently
challenged with 1 X 10° oocysts on day 21 PPI. The
data are expressed as mean SI = SD. An asterisk
indicates significant difference when compared with
the uninfected group (*P < 0.05).

sponse to medium alone (background prolifer-
ation) from the infected chickens was signifi-
cantly (P < 0.05) higher than that from the
uninfected chickens on day 7 PPI (data not
shown). Proliferation response to Con A from
the infected chickens was higher than that from
the uninfected chickens throughout the exper-
imental period except on day 2 PPI (data not
shown). The difference between the two groups
was significant (P < 0.01) on day 10 PPL

Changes of the IL-2 levels in Con A—stim-
ulated splenic lymphocyte culture super-
natant after E. tenella infection. Fig. 4
shows the kinetic changes in Con A—induced
IL-2 production in the spleen after E. tenella
infection as measured by the IL-2 bioassay with
WST-8. The IL-2 levels on day 7 PPI and on
day 2 post-secondary infection (PSI) in the in-
fected group increased transiently. The IL-2 lev-
el in the infected group on day 10 PPI was
significantly (2 < 0.05) lower than that in the
uninfected group.

DISCUSSION

Ishiyama ez al. (8) have demonstrated that
WST-8 has great potential as a viability indi-
cator in cell proliferation or cytotoxicity assays.
The advantages of using the WST-8 assay for
lymphocyte proliferation are numerous. Unlike
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Fig. 4. The kinetic changes of IL-2 production
after E. tenella infection as measured by the WST-8
assay. The chickens in the infected group were in-
oculated esophageally with 1 X 10 sporulated oo-
cysts at 3 wk of age and subsequently challenged with
1 X 10° oocysts on day 21 PPL. The data are ex-
pressed as mean OD * SD. An asterisk indicates
significant difference when compared with the un-
infected group (*P < 0.05).

the MTT, the WST-8 assay does not require
any dissolving step before measuring the absor-
bance because the WST-8 produces a highly
water-soluble formazan dye upon biochemical
reduction in living cells. The WST-8 assay ob-
viates the concerns related to radioactivity.
Moreover, because this reagent is supplied as a
ready-to-use solution, no dilution with buffer
or culture medium is necessary prior to use.
Therefore, the WST-8 assay is quite simple,
does not use radioactive isotope and can save
considerable time. Furthermore, the WST-8 is
stable over 1 yr at —20 C and over 3 mo at 4
C as long as it is protected from light. The
color change is relatively stable; therefore, no
absorbance change was observed within 48 hr
after addition of 10 pl of 1% sodium dodecyl
sulfate to each well as long as the plates were
protected from light and stored at room tem-
perature.

In the present experiments, the WST-8 assay
was compared with the MTT assay on mito-
gen-induced lymphoproliferation of splenic
lymphocytes and PBL. The coefficients of cor-
relation between these assays were very high in
both splenic lymphocytes and PBL. The sensi-
tivity of the WST-8 assay was higher than that
of the MTT assay. Additionally, the SDs of the
WST-8 assay were lower than those of the

MTT assay. Although the MTT assay has been
reported to be effective for the evaluation of
mitogen-induced proliferation with chicken
lymphocytes (3), our data strongly suggested
that the WST-8 assay was a more reliable mea-
sure of the proliferation of chicken lympho-
cytes. In the present experiments, the optimal
conditions for splenic lymphocytes and PBL
when using 6-wk-old chickens in the WST-8
assay were similar to those in the MTT assay
and were obtained by culturing 2.5 X 10¢ cells/
well with Con A (12.5 pg/ml) for 48 hr and
1.25 X 109 cells/well with Con A (12.5 wg/ml)
for 48 hr, respectively.

Mitogen-induced lymphocyte proliferation
has been used to assess CMI after coccidia in-
fection in chickens (5,9,12,16). In general, the
Con A-induced mitogenic response decreased
around 7 days post-E. tenella infection (5,9,16)
but increased after 2 wk of primary infection.
The present experiments showed that the SIs of
the infected chickens declined transiently on
day 7 but were enhanced on day 10 PPI, con-
sistent with previous observations. Further-
more, this study showed higher background
proliferation of spleen cells from the infected
chickens on day 7 PPI, which was consistent
with a previous observation (4). These results
suggested that WST-8 assay can effectively
monitor the changes in T-lymphocyte response
in chickens infected with Eimeria parasites.

In the mammalian system, IL-2 has long
been detected with the IL-2—dependent T-cell
line (e.g., CTLL line) that constitutively ex-
presses the IL-2 receptor (7). On the other
hand, because murine lymphocytes are unre-
sponsive to crude chicken IL-2 (17) and no avi-
an IL-2-dependent cell line is available, the
bioassay for avian IL-2 has relied on T lym-
phoblasts generated by Con A stimulation
(10,13,15). The MTT assay or [*H]-thymidine
incorporation assay has been used widely to de-
termine the lymphocyte proliferation in poultry
as in mammals. In this study, the IL-2 bioassay
with the WST-8 clearly demonstrated the ki-
netic changes in IL-2 production by Con A-
stimulated spleen cells from E. tenella-infected
chickens. Maximum IL-2 production was ob-
served on days 7 PPI and 2 PSI, respectively.
These results indicate that chickens develop en-
hanced CMI against E. tenella after challenge

infection.
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In conclusion, this study shows that the
WST-8 assay is more reliable and easier to pro-
cess compared with the MTT assay for evalu-
ation of lymphocyte proliferation in chickens.
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